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Thermoelectric effects are more sensitive and promising probes to topological properties of emer-
gent materials, but much less addressed compared to other physical properties. Zirconium pentatel-
luride (ZrTe5) has inspired active investigations recently because of its multiple topological nature.
We study the thermoelectric effects of ZrTe5 in a magnetic field and find several anomalous behav-
iors. The Nernst response has a steplike profile near zero field when the charge carriers are electrons
only, suggesting the anomalous Nernst effect arising from a nontrivial profile of Berry curvature.
Both the thermopower and Nernst signal exhibit exotic peaks in the strong-field quantum limit. At
higher magnetic fields, the Nernst signal has a sign reversal at a critical field where the thermopower
approaches to zero. We propose that these anomalous behaviors can be attributed to the Landau
index inversion, which is resulted from the competition of the
√
B dependence of the Dirac-type
Landau bands and linear-B dependence of the Zeeman energy (B is the magnetic field). Our un-
derstanding to the anomalous thermoelectric properties in ZrTe5 opens a new avenue for exploring
Dirac physics in topological materials.
Introduction– Transition-metal pentatellurides (ZrTe5,
HfTe5...) have attracted considerable interest as topolog-
ical materials very close to the boundary of topological
phase transition [1]. The negative longitudinal magne-
toresistance [2, 3] and the linear energy-momentum dis-
persion demonstrated by the magnetoinfrared and op-
tical spectroscopy measurements [4–7] implied a Dirac
semimetal phase of ZrTe5. In contrast, scanning tunnel-
ing spectroscopy and angle-resolved photoemission spec-
troscopy measurements detected a bulk band gap with
topological edge states at side surfaces, giving the sig-
natures of a weak 3D topological insulator (TI) [8–10].
Other spectroscopic studies favor the strong TI phase
[11, 12]. Recently, it was further proposed that these
states can be tuned by temperature or pressure [12–14].
In addition to its nature of multiple topological phases,
a moderate magnetic field is enough to drive this layered
material into the quantum limit, in which all carriers
occupy the lowest Landau band. This provides a plat-
form to explore the exotic quantum phenomena caused
by unique band topology in extremely strong magnetic
fields. In particular, the magnetoresistance of ZrTe5 de-
creases drastically when the field exceeds 8 T. Based on
the picture of massless Dirac fermions, the sudden drop
of magnetoresistance was conjectured to originate either
from dynamical mass generation or topological phase
transition from a 3D Weyl semimetal to a 2D massive
Dirac metal [15, 16]. Very recently, in ZrTe5 the 3D
quantum Hall effect was observed, which collapses into
an exotic insulating state in the quantum limit [17].
In the presence of a perpendicular magnetic field and
a longitudinal thermal gradient, the diffusion of carriers
can produce a longitudinal electric field Ex = −Sxx ·|∇T |
(thermopower) and a transverse electric field Ey = Sxy ·
|∇T | (the Nernst effect) [18]. Since these thermoelectric
effects are proportional to the derivative of the conduc-
tivities, they are more sensitive to anomalous contribu-
tions and have been used to study topological materials
[19–25]. Zirconium pentatelluride, as a thermoelectric
material, has been known for its large thermopower for
nearly four decades [26]. Nevertheless, the studies focus-
ing on the thermoelectric properties of ZrTe5 in magnetic
fields are rare, especially in the quantum limit.
In this Letter, we study the thermopower and Nernst
effect of ZrTe5 single crystals. At low temperatures,
the behavior of the Nernst signal is characterized by a
step-like profile near zero field, suggesting the anoma-
lous Nernst effect (ANE) resulted from the Berry cur-
vature. By fitting with an empirical formula, we find
that the anomalous component decreases with increasing
temperature and becomes negligible above 30 K. More-
over, when the magnetic field has driven the system in the
quantum limit, both the thermopower and Nernst signals
present a broad peak which is distinct from quantum os-
cillations. Intriguingly, further increasing the magnetic
field, there is a sign change in Sxy at a critical field B
∗
where −Sxx converges to zero. Detailed theoretical anal-
ysis shows that the anomalous behaviors can be explained
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FIG. 1. (a) Temperature dependence of the electrical resis-
tivity ρ(T ) (black) and Seebeck coefficient -Sxx(T ) (blue) of
ZrTe5 at zero magnetic field. (b) Temperature dependence of
the derivative of the Nernst signal with respect to the mag-
netic field at zero field (dSxy/dB)0. Inset: the measurement
setup. B is the magnetic field and ∇T is the temperature
gradient. a, b, and c are crystallographic axes.
by the Landau index inversion, which originates from the
3D Dirac fermions in ZrTe5.
High quality single crystals of ZrTe5 were synthesized
using the iodine vapor transport method in a two-zone
furnace [27]. −Sxx and Sxy was measured with a stan-
dard one-heater-two-thermometers setup in a He4 cryo-
stat from 1.8 K to 300 K. A thermal gradient ∇T was
applied along the a-axis. The voltage contacts were made
with spot welding and each contact resistance was bet-
ter than 1Ω. In order to exclude the antisymmetric ef-
fect in magnetic fields, −Sxx and Sxy are symmetrized
in positive and negative magnetic fields. The high-field
measurements up to 33 T were performed in Chinese
High Magnetic Field Laboratory at Hefei using a resistive
water-cooled magnet. In the high-field setting, we mea-
sured the variation of the voltage produced by a constant
heat flow as a function of the magnetic field. The abso-
lute magnitudes of −Sxx and Sxy were calibrated later
in another superconducting magnet (see the calibration
details in Ref. [28]).
Zero-field thermoelectric properties of ZrTe5– Figure 1,
presents the temperature dependence of the thermopower
−Sxx and the derivative of the Nernst signal with respect
to the magnetic field at zero magnetic field (dSxy/dB)0.
At high temperatures (> 132 K), a negative −Sxx reveals
that the dominant carriers are holes. As temperature de-
creases, −Sxx shifts to positive at around T ∗ = 132 K,
where the resistivity shows a peak, indicating that ZrTe5
evolves from a p-type semiconductor to n-type semimetal,
consistent with the previous studies [13, 29]. In contrast
to the Hall coefficient, which exhibits a sign reverse near
T ∗, the sign of (dSxy/dB)0 remains unchanged until tem-
perature drops below 90 K. At low temperatures (< 90
K), both the positive −Sxx and (dSxy/dB)0 show that
the carriers are electrons only.
Thermopower and Nernst signal at low magnetic
fields– Now we turn to investigate the field dependence
of −Sxx and Sxy. As shown in the inset of Fig. 1b,
the magnetic field is applied along the b-axis, perpen-
dicular to the thermal gradient ∇T . At temperatures
above the p− n transition, although the dominant carri-
ers are holes, both −Sxx(B) and Sxy(B) show complex
behaviors. At temperatures between 30 K and 130 K,
−Sxx(B) displays a saturation at low fields whose profile
could be well fitted by the single-band Boltzmann-Drude
model [28]. Sxy(B), on the other hand, manifests a sharp
Drude-like peak only at temperatures below 90 K, where
the thermally activated hole carriers are undetectable.
As temperature drops below 30 K, −Sxx(B) starts to de-
viate from the single-band model fitting. In particular,
below 10 K, −Sxx(B) even grows quasi-linearly with in-
creasing magnetic field up to 5 T [28]. The oscillations of
−Sxx and Sxy are strong compared to the background.
By employing the fast Fourier transform we obtain only
one frequency F = 5.2 T. As shown in Fig. 2f, the integer
Landau indices can be clearly identified from the peaks
positions of −Sxx (Sxy is the off-diagonal term of the ten-
sor, its extrema are shifted by 1/4 period compared to
−Sxx). The linear extrapolation of the Landau indices
intercepts at 0 ± 0.01, indicating a non-trivial π Berry
phase [30]. Besides, (dSxy/dB)0 has a maximum at 30
K, then decreases quadratically with decreasing temper-
ature. All results suggest that another type of electron
carriers, which are from the non-trivial bands, begin to
dominate the magnetotransport properties below 30 K,
leading to the quasi-linear field dependence of the ther-
mopower.
At lower temperatures, as shown in Fig. 2e, Sxy climbs
to a maximum value at weak magnetic fields and tends
to saturate. Although there are two types of electron
carriers at low temperatures, their mobility and carrier
density saturate below 20 K and the conductance ratio
remains almost constant [15], thus the low-field Sxy(B)
is expected to be temperature independent. For this rea-
son, the multiple carriers are unlikely to explain the step-
like profile. On the other hand, the anomalous Hall ef-
fect has been claimed in the p-type ZrTe5 (T
∗ = 5 K)
[31]. Despite the different carrier types in that and our
ZrTe5, the band structure is expected to be intrinsically
the same [32]. In this sense, the step-like Sxy could be re-
garded as a signature of the anomalous Nernst effect. As
discussed above, ZrTe5 hosts both trivial and non-trivial
3-9 -6 -3 0 3 6 9
-20
-10
0
10
20
10K
20K
15K
2K
S
xy
 (
V/
K)
B (T)
40K
80K
100K
c
-9 -6 -3 0 3 6 9
-450
-300
-150
0
150
300
450d
200K
250K
170K
145K
135K
120K
S
xy
 (
V/
K)
B (T)
e
2K
4K
7K
10K
15K
20K
S
xy
 (a
.u
.)
B (T)
a
100K
80K
40K
2K
15K
20K
-S
xx
 (
V/
K)
B (T)
10K
b
120K
135K
145K
170K
200K
250K
-S
xx
 (
V/
K)
B (T)
g
S
A xy
/S
N xy
T (K)
f
-S
xx
 (
V/
K)
7
4
5
S
xy
 (
V/
K)
1/B (T-1)
3
6
FIG. 2. Magnetic field dependence of the thermopower −Sxx [(a)-(b)] and Nernst signal Sxy [(c)-(d)] from 1.8 K to 300 K.
(e) Sxy at low fields at several temperatures below 20 K. The data is normalized and shifted for clarity. The black dash lines
represent the fitting with Eq. (1). (f) −Sxx and Sxy as functions of 1/B at 1.8 K. The integer indices are marked at the maxima
of −Sxx. (g) The temperature dependence of the ratio between the anomalous and conventional Nernst signals SAxy/SNxy, fitted
by using Eq. (1).
electrons at low temperatures. In order to distinguish
the conventional (N) and anomalous (A) Nernst signals,
we fit the low-field data by using an empirical formula
Stotxy = S
A
xy tanh(
B
B0
) + SNxy
µB
1 + (µB)2
, (1)
where µ is the carrier mobility and B0 is the saturation
field above which the signal reaches its plateau value [33].
SNxy and S
A
xy are the amplitudes of the conventional and
anomalous Nernst signals, respectively. As shown in Fig.
2e, the experimental data are well fitted by the empirical
formula. At 2 K, the magnitudes of the anomalous and
conventional Nernst signals are comparable. As temper-
ature increases, SAxy/S
N
xy drastically decreases (Fig. 2g),
similar to the anomalous Nernst effect of the topological
Dirac semimetal Cd3As2 [33]. Different from Cd3As2,
ZrTe5 has a band gap at the Γ point.
Anomalous thermopower and Nernst signal in the
quantum limit– According to Fig. 2f, for magnetic
fields above 5.2 T, all electrons should occupy the
lowest Landau band, i.e., the system is in the quan-
tum limit. In the quantum limit, the thermopower of
a Dirac/Weyl semimetal is expected to grow linearly
and non-saturatingly with increasing magnetic field [34].
However, in our cases, −Sxx exhibits an unexpected
board peak above 5 T. In order to further elucidate the
unusual thermoelectric response in the quantum limit, we
increase the magnetic field up to 33 T. As shown in Fig.
3, −Sxx starts to drop around 7 T, then reaches a mini-
mum around 15 T. Further increasing the magnetic field
up to 33 T, −Sxx turns to increase. Correspondingly, a
hump emerges in the Nernst signal Sxy right after the
system enters the quantum limit. At a first glance, these
anomalous features look like part of the quantum oscil-
lation from the Landau bands (0,+) or (0,−). However,
the amplitude of the peak is much higher than those of
the quantum oscillations.
Another anomalous feature is that the Nernst signal
Sxy changes its sign at around B
∗ = 14 T, where the
thermopower −Sxx at different temperatures converge to
zero. The change of carrier type could lead to a sign
reversal in the Nernst/Hall signal. Perviously, a field-
induced sign change of ρyx was observed in the Weyl
semimetal TaP, in which the lowest Landau band move
above the chemical potential in an extremely strong mag-
netic field, leading to a dramatic reduction of the carriers
in the Weyl electron pockets [35]. As we discussed above,
in our samples, the charge carriers at low temperatures
are electrons only, and there is no hole-like band near the
Fermi level [29]. Moreover, the Hall resistivity ρyx varies
smoothly near B∗ [28]. Thus, the change of carrier type
is unlikely to explain the anomalous sign reversal of Sxy.
Landau index inversion beyond the quantum limit– We
now explore the underlying mechanism for the anoma-
lous −Sxx and Sxy in the quantum limit. We use a 3D
massive Dirac Hamiltonian, which was derived from the
low-energy effective k · p Hamiltonian in the presence of
the spin-orbit coupling [7]. The Landau bands for index
4 20K
N=1 (5.2T)
FIG. 3. (a) High-field measurements of −Sxx up to 33 T at
several temperatures. (b) High-field measurements of Sxy at
several temperatures. The critical field B∗ is indicated by the
gray line around 14 T where Sxy changes its sign and −Sxx
converges to zero.
ν ≥ 1 are written as
Eνsλ =s
√√√√[√ν 2eBv2
~
+m2 + sλ
(
b+
gµBB
2
)]2
+ v2k2z ,
(2)
where s, λ = ±1, v, m, b are the model parameters, and
g is the g-factor [28]. We can see for sλ = −1, there
is a competition between the
√
B orbital term and the
linear-B Zeeman term. Because of the functional differ-
ence, there must be a critical B, at which the Zeeman
term is equal to the orbital term, and the Landau bands
Eν±∓ become gapless. Above that critical magnetic field,
the band bottom of Eν+− becomes lower than the zeroth
Landau band, leading to what we refer to the inversion
of the Landau index, i.e.. the Landau band with a larger
Landau index has a lower energy. There is no Landau
index inversion for Schro¨dinger electrons, because their
Landau bands also have the linear-B dependence as the
Zeeman energy does. The
√
B orbital term in Eq. (2) is
from the Dirac fermion nature of the model, thus the Lan-
dau index inversion gives a signature of Dirac fermions.
Due to the small carrier density and large g-factor of
ZrTe5, it is easier to enter the quantum limit and have
the Landau index inversion.
-0.2 0.0 0.2
-10
-5
0
5
10
-0.2 0.0 0.2
-10
-5
0
5
10
-0.2 0.0 0.2
-10
-5
0
5
10
0 5 10 15 20 25 300 0 5 10 15 20 25 30
0
-0.2 0.0 0.2
-10
-5
0
5
10
kz (nm
-1)
  
 
kz (nm
-1)
  
 
kz (nm
-1)
  
 
a B*B3B2B1
-S
xx
 (a
.u
.)
B (T)
 -Sxx
b
S x
y (
a.
u.
)
B (T)
 Sxy
B*B3B2B1
c B* = 14 TB3 = 9.6 TB2 = 6 TB1 = 4.84 T
kz (nm
-1)
En
er
gy
 (m
eV
)
FIG. 4. The calculated (a) −Sxx and (b) Sxy as functions
of the magnetic field. (c) The Landau bands at several mag-
netic fields. The black, red, and green lines are for the 0th,
1st (E1±∓), and 2nd (E2±∓) Landau bands, respectively. The
horizontal lines represent the Fermi energy EF . The param-
eters are v = 0.1 eVnm, b = 0.034 eV, m = 0.036 eV, and g
= 18.65. The carrier density n = 2.3 ×1016 cm−3.
Our numerical results in Fig. 4 confirm the above
mechanism. At B1 = 4.84 T, the Fermi energy begins to
cut only the lowest two Landau bands and thermoelectric
tensor undergoes quantum oscillations as higher Landau
bands are depopulated. With increasing field, the bottom
of the 0th Landau band increases, while the 1st Landau
band decreases. At about B2 = 6 T, the 1st Landau
band almost coincides with the 0th one. Above B2, the
1st Landau band turns to have the lower energy than
the 0th Landau band, i.e., there is a Landau index inver-
sion. At B3 = 9.6 T, the Fermi energy begins to cut only
the 1st Landau band and the anomalous peaks emerge
in both −Sxx and Sxy. Further increasing the magnetic
field, the bottom of the 1st Landau band continues to
decrease and, as shown in Fig. 4c, the system becomes
gapless again at about B∗ = 14 T. The carrier density,
instead of the Fermi energy, is fixed in the quantum limit
at low temperatures [36]. In this case, the Fermi energy
shows a dramatic reduction when the Landau bands be-
come gapless [28]. Therefore, the density of states and
thermopower −Sxx show a large dip. Moreover, the two
terms in the Nernst signal Sxy = ρxxαxy−ρyxαxx (αµµ′ =
(π2k2BT/3e) (∂σµµ′/∂ǫ)|ǫ=EF ) have opposite signs. They
compete with each other and have the same absolute
value when the Landau bands are gapless, resulting in
the sign reversal of Sxy. A recent observation of a cusp-
like feature in the magneto-infrared spectrum around 17
T also agrees well with our mechanism of Landau index
inversion [5]. Above B∗, the lowest Laudau bands reopen
a gap, which leads to the growth in the thermopower. For
simplicity, our calculation ignores the localization effects,
5so the calculated −Sxx only has a dip near B∗ while the
experimental −Sxx(B∗) converges to zero. Nevertheless,
according to our model, the large dip in −Sxx and sign
reversal in Sxy are important characteristics of 3D Dirac
fermions. In this sense, such high-field anomalous ther-
moelectric properties provide an effective experimental
probe to 3D Dirac fermions.
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